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(54) IMethod for producing nanocaibon material 

(57) A method for producing nanocarbon material, 
characterized in that said method includes a step (a) of 
contacting an aromatic compound-containing starting 
material with a supercritical fluid or a subcritical fluid In 
the presence of a transition metal element-containing 
catalyst at a temperature in a range of from 350 to 800*C 



and at a pressure in a range of from 3 to SOMPa. Said 
supercritical fluid or said subcritical fluid is formed from 
one or more kinds of materials selected from the group 
consisting of an aromatic compound as said starting ma- 
terial, a solvent for said aromatic compound, a solvent 
for said catalyst, water, dinitrogen monoxide, and am- 
monia. 
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STARTING MATERIAL. CATALYST. REACTION 
PROMOTION MEDIUM AND THE UKE ARE 
INTRODUCED INTO A REACTION VESSEL 



THE MATERIALS INTRODUCED IN THE 
REACTION VESSEL ARE HEATED WHILE 
BONG COMPRESSED 



THE REACTION PRODUCT OBTAINED IN 
Step 2 IS HEAT-TREATED 



THE HEAT-TREATED REACTION PRODUCT 
OBTAINED IN Step 3 IS PURinED 
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Description 

BACKGROUND OF THE INVENTION 
^ 1 . Field of the Invention 
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2. Related Background Art 

S^rhLn H atOTiic layer of crystalhne graphite) rolled up Into a cylinder by lijima in 1991 , ott,er carbon nanotubes 

55 [0011] Journal of Materials Researc h Society 15 No 12 on oe^Qi orqa onnr^ /x/ ^ 

-^""^"^l °^ American Chemical Society Vol 123. No. 4 nn 7^1.^4 2. 2001 Uo.. M«ri. r...H...„ . 
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scribes a method wherein multiwall carbon nanotubes are formed from amorphous carbon by way of hydrothemial 
treatment of said amorphous carbon in the absence of a metal catalyst at a temperature of 800 °C under 100 Mpa 
pressure for 48 hours. 

[0013] However, in any of the methods described in the above-described documents, because high pressure con- 
5 dltion of 1 00 Mpa or 60 to 1 00 Mpa is adopted, a specific high pressure capsule made of Au (which is costly) and which 
can withstand such high pressure is used as the reaction vessel, and the starting material and water are Introduced 
into said capsule wherein the starting material is subjected to hydrothennal reaction at a high temperature (700 to 800 
'^C) under high pressure condition of 1 00 Mpa or 60 to 1 00 Mpa. Therefore, a product obtained in any of the methods 
described in the above-described documents unavoidably becomes costly. 
10 [0014] And any of the above-described documents does not teach or suggest a method which enables one to effi- 
ciently produce nanocarbon materials (including carbon nanotubes or filamentous carbons) under low pressure con- 
dition of less than 50 Mpa, using a relatively inexpensive pressure reaction vessel without necessity of using such 
costly pressure reaction vessel. 

[0015] There Is a demand for providing a method which enables one to quantitatively produce nanocarbon materials 
15 (including carbon nanotubes and carbon nanof ibers), which are usable as electrode materials in devices such as FEDs 
(field emission displays), as electrode materials in rechargeable lithium batteries, as catalyst-retaining carbon materials 
in fuel cells, and as hydrogen storage materials in hydrogen storage systems, at a reasonable production cost from 
relatively inexpensive raw material by a simple manner under low pressure condition which does not require to use 
such specific and cosily pressure reaclion vessel as above described. 

20 

SUMMARY OF THE INVENTION 

[0016] The present invention has been accomplished in view of the circumstances in the prior art for the production 
of nanocarbon materials and in view of satisfying the above-described demand. 
25 [0017] The present invention makes it an object to provide a method which enables one to quantitatively produce 
nanocarbon materials at a reasonable production cost from relatively inexpensive raw material under low pressure 
condition. 

[0018] The temn "nanocarbon material" in the present invention means a nonocarbon material containing no fullerene 
and in which an enonnous number of certain structures comprising carbon and having a primary size in a range of 
30 from 2 nm to 400 nm are identified in the observation not only by an electron microscope but also a scanning electron 
microscope (SEM) and in which a number of lattice images of crystalline carbon are identified in the observation by a 
transmission electron microscope (TEM). The "nanocarbon material" in the present invention includes so-called carbon 
nanotube and so-called carbon nanofiber. 

[0019] The nanocarbon materials produced in the present invention include carbon nanotubes and carbon nanof ib- 
35 ers, which are usable as electrode materials in light emission devices such as FEDs (field emission displays), as 
electrode materials in rechargeable lithium batteries, as catalyst-retaining cariDon materials in fuel cells, and as hydro- 
gen storage materials in hydrogen storage system. 

[0020] The nanocarbon materials produced in the present invention Include nanocarbon materials comprising such 
aggregates as below-mentioned which are identified in the observation by the electron microscope. Particulariy, the 

40 nanocarbon materials produced in the present invention include nanocarbon materials comprising aggregates of a 
plurality of womi-like shaped microunits; nanocarbon materials comprising aggregates of a plurality of filament-like 
shaped microunits; nanocarbon materials comprising aggregates of a plurality of coral-like shaped microunits; nano- 
carbon materials comprising aggregates of a plurality of rod-like shaped microunits each comprising spherical micro- 
particles aggregated into an unit; and nanocarbon materials comprising aggregates of a plurality of tube-like shaped 

45 microunits, wherein the microunits in each case have an average diameter in a range of from 2 to 400 nm and an 
average length In a range of from 100 to 10000 nm, and the microunits in each case may have a transition metal 
element, a transition melal, a Iransilion metal carbide, a iransition metal oxide or a transition melal sulfide al their tip 
portion. These nanocarbon materials produced in the present invention Include nanocarbon materials having such a 
structure at molecular level as mentioned in the following which is identified in the observation by the TEM; a structure 

50 In that a plurality of graphene sheets (each comprising a single atomic layer of crystalline graphite) are stacked and 
developed into a fiber state, a structure in that a plurality of graphene sheets shaped in a cup-like fonn are stacked 
and developed into a filament-like state, or a structure in that a plurality of graphene sheets are connected with each 
^ other through their opposite ends into a tubular fomn. 

[0021] The method for producing nanocarbon materials of the present invention is characterized in that said method 
55 includes a step of contacting an aromatic compound-containing starting material with a supercritical fluid or a subcritical 
fluid in the presence of a transition metal element-containing catalyst at a temperature in a range of from 350 to 800 
^'C and at a pressure in a range of from 3 to 50 MPa. 

[0022] The supercritical fluid means a fluid having liquid properties and gaseous properties and which is in a state 
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containing product. Separately, in the case where the nanocarbon materials contain a transition metal or a transition 
metal compound resulted from the catalyst and it is not necessary for the nanocarbon materials to contain such tran- 
sition metal or such transition metal compound, It is possible to remove such transition metal or such transition metal 
compound therefrom by way of washing with an acid or the Wke. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0035] 

io FIG. 1 shows a flow chart illustrating an example of the method for producing nanocarbon materials according to 

the present Invention. 

FIG. 2 is a schematic cross-sectional view illustrating an example of a rechargeable lithium battery in which a 
nanocarbon materials-containing product obtained according to the method of the present invention is applied. 
FIG. 3 Is a schematic cross-sectional view Illustrating an example of an electrode structural body for a rechargeable 
*5 lithium battery, wherein said electrode stmctural body is formed using a nanocarbon materials-containing product 

obtained according to the method of the present invention. 

FIG. 4 Is a schematic cross-sectional view illustrating an example of a FED in which a nanocarbon materials- 
containing product obtained according to the method of the present invention is applied. 

FIG. 5 is a schematic cross-seclional view illustrating an example of an element for examining the electron emission 
performance of a nanocarbon materials-containing product. 

FIG. 6 is a schematic diagram illustrating an example of an apparatus for examining the hydrogen-storing per- 
formance of a nanocarbon materials-containing product. 

FIG. 7 is a schematic cross-sectional view illustrating an example of a reaction apparatus used for practicing the 
method of the present invention. 
25 FIG. 8 shows a SEM (scanning electron mlcroscope)image of an example of a nanocarbon material produced by 

the method of the present invention. 

FIG. 9 shows a TEM (transmission electron microscope) image of an example of a nanocarbon material produced 
by the method of the present invention. 

FIG. 10 shows a TEM image of another example of a nanocarbon material produced by the method of the present 
30 invention. 

FIG. 11(a) is a schematically enlarged view illustrating an example of the microstructural fomn of a nanocarbon 
material produced by the method of the present invention, observed from the SEM image thereof: FIG. 11 (b) is a 
schematically enlarged view illustrating an example of the microstructural f onn of a nanocarbon material produced 
by the method of the present invention, observed from the TEM image thereof; and FIG. 11 (c) is a schematically 
35 enlarged view illustrating another example of the microstructural form of a nanocarbon material produced by the 

method of the present invention, observed from the TEM image thereof. 

FIG. 1 2(a) is a schematically enlarged view illustrating another example of the microstructural fonm of a nanocarbon 
material produced by the method of the present invention, observed from the SEM image thereof; and FIG. 1 2(b) 
is a schematically enlarged view illustrating a further example of the microstructural form of a nanocarbon material 
produced by the method of the present invention, observed from the SEM image thereof. 
FIG. 1 3(a) Is a schematically enlarged view illustrating a further example of the microstructural form of a nanocarbon 
material produced by the method of the present invention, observed from the TEM image thereof; and FIG. 1 3(b) 
is a schematically enlarged view illustrating a still further example of the microstructural form of a nanocarbon 
material produced by the method of the present invention, observed from the TEM image thereof. 
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DETAILED DESCRIPTION OF THE INVENTION AND PREFERRED EMBODIMENTS 



[0036] As previously described, the present invention provides a method which enables one to quantitatively produce 
nanocarbon materials, characterized in that said method includes a step (a) of contacting an aromatic compound- 
so containing starting material with a supercritical fluid or a subcritical fluid in the presence of a transition metal element- 
containing catalyst at a temperature in a range of from 350 to 800 **C and at a pressure in a range of from 3 MPa to 
50 MPa. 

[0037] As the aromatic compound-containing starting material used in the present invention, any aromatic compound- 
containing materials capable of producing nanocarbon materials and which can be acquired at a reasonable cost can 
55 be selectively used. 

[0038] As specific examples of such aromatic compound-containing material, there can be illustrated benzene, ethyl- 
benzene, butylbenzene. toluene, xylene, styrene, biphenyl, phenylacetylene, phenol, ethylphenol. fluoranthene. 
pyrene. chrysene. phenanthrene. anthracene, naphthalene, methylnaphthalene. fluorene. acenaphthene, pitch, pitch 
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instance, in the following mannerT?,n T'""'"' "^^'""^ "^^^ 

supercritical fluid or the srcritiJamuld ni T "^^^^^ "'^"'"^ * ^^"^'''S the 

suEstantialV er^ctese7reS vesLl? ^nH ^ S'^^^^''^^^^'^" "^^t^' element-containing catalyst are introduced into a 

pressed at a prescribed pressur^Xre th« r!w m t T ^* ^ prescribed temperature while being corn- 

is converted into a supe^r3fluid or a subSITlT". '"hT""'' ^'^^'"^ '"^'-rial and the catalyst 

percrit«.al fluid or the'rS ng su^rra. f uid^a^^^^^ a so w»h te c^tiT'^'^' " """^ '^"^ 

Whereby nanocarbon materials are sylesLed '° ^"^"^^ °' '"^»«rial. 

and saving the operation energy '''^ viewpoints of diminishing the cost of the apparatus used 

fuStJLil fl^oT^^^^^^^^^ the subcritica. fluid fom^ed from the raw materia, for fom,ing the 

ofnonac..^ 

Lplvlly "xSe'd he^'^STll'f J'' '°Th"' "^^^'"^ ^''^ impressing pressure 

[OoSer S'the^i whe^^^^^^^ '''^'^^^ °' supercritical fluid or the subcritcal fluid 

fluid olthe su^mSirufd^^^^^^^^^ material itself is situated in the supe,cri«cal 

Will readily occur ^ ® ^^^^ ^^'^ reaction of the starting material 

compounds as the starting materiat a sTent for th! ^1 . / ! » ^ ^^^•"^tic 

preferred to comprise a solTnt wSh c^n d-rl'^J '^^^'^ monoxide, and ammonia. Said solvent is 

orthecata,st,at^teC^rr20^Tunrt:sr:r10^ 

[oSsS i'n m?rth«!f«f T "'^'^ ''"^^ °^ combination of two or more of them as a mixture 
SLmllnT^^^^^^^ the starting material comprisesrar'matic com- 
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from 350 -C to 800 -C^Sa pr^ure w^^^^^^ ^'"'^^ temperature range of 

pressure which falls in the above pressure range of from 3 MPa to 50 MPa. it is not 
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always necessary to introduce the raw material for fonning the supercritical fluid orthe subcritical fluid into the reaction 
vessel. Particularly, to use a given aromatic compound which can converted into a supercritical fluid or a subcritical 
fluid at a temperature in a range of from 350 ^'C to 800 and at a pressure in a range of from 3 MPa to 50 MPa as 
the starting material is more preferred for the reason that said aromatic compound as the starting material becomes 
to be very active so that the reaction thereof more readily proceeds under condition with said temperature and said 
pressure. 

[0051] The transition metal element-containing catalyst used in the method of the present Invention comprises par- 
ticles of a given transition metal element-containing material. Therefore, the sizes of nanocarbon materials synthesized 
are quite liable to greatly depend on the particle sizes of the catalyst particles. In order to obtain nanocarbon materials 
which are substantially uniform with respect to their sizes, it is necessary that fine particles of the transition metalele- 
ment-containing material are used as the transition metal element-containing catalyst and the catalyst fine particles 
are sufficiently contacted with the starting material such that each of the catalyst fine particles is contacted with the 
starting material. In this respect, it is preferred that the solvent capable of dissolving the aromatic compound-containing 
starting material or/and the catalyst (the catalyst fine particles) is mixed with the starting material and the catalyst. 
Separately, in order to desirably disperse the catalyst fine particles so that they are not aggregated, it is preferred to 
add a surface-active agent to the solvent. 

[0052] As specific examples of the solvent for aromatic compound as the starting material or the catalyst, there can 
be illustrated carbon dioxide, water, alcohols, and ethers. These solvents may be used either singly or in combination 
of two or more of them as a mixed solvent. As specific examples of said alcohol, there can be illustrated methanol, 
ethanol, and propyl alcohol. 

[0053] Of the above-mentioned solvents, carbon dioxide, water, methanol, and ethanol are preferable because they 
can be easily acquired at a reasonable cost and they can be readily handled. Particularly, carbon dioxide is the most 
appropriate forthe reasons that besides functioning as the solvent, carbon dioxide itself is poor in terms of the reactivity 
and because of this, it is presumed that carbon dioxide will function to reduce the probability forthe molecules of the 
starting material to be mutually collided and prevent side reactions from being occurred. 

[0054] Here, the critical temperature and the critical pressure at which carbon dioxide is converted into a supercritical 
fluid are respectively 31 «C and 7.38 MPa. The critical temperature and the critical pressure at which water is converted 
Into a supercritical fluid are respectively 374 and 22.0 MPa. Separately, the critical temperature and the critical 
pressure at which toluene is converted into a supercritical fluid are respectively 318 ^'C and 4.11 MPa. And the critical 
temperature and the critical pressure at which naphthalene Is converted into a supercritical fluid are respectively 475 
and 4.11 MPa. 

[0055] In the method of the present invention , it is preferred to introduce inert gas into the system where the aromatic 
compound-containing starting material is contacted with the supercritical fluid or the subcritcal fluid in the presence of 
the transition metal element-containing catalyst, in order to synthesize nanocarbon materials at a high purity while 
reducing the probability for the molecules of the starting material to be mutually collided and preventing side reactions 
from being occurred. As the inert gas used, argon gas, helium gas. or nitrogen gas may be used. 
[0056] The transition metal element of the transition element-containing catalyst used in the method of the present 
Invention can include Ti, V, Cr, Mn, Fe, Co, Ni, Cu. Y, Zr. Nb. Mo, Ru, Rh. Pd. Ag, Ta, W. Pt and Au. Of these, Ni, Co, 
Fe, Cu, Cr, W, Mo, TI, V, Mn. Ru, Rh, Pd, and Ag are more preferred, and Ni, Co, Fe. Cu, Cr. W, Mo, and Ti are most 



[0057] The transition metal element-containing catalyst may comprise at least one transition metal selected from the 
group consisting of transition metals of these transition metal elements or at least one transition metal compound 
selected from the group consisting of transition metal compounds of these transition metal elements. 
[0058] In the method of the present invention, aforesaid transition metal or aforesaid transition metal compound as 
the transition metal element-containing catalyst is introduced into the reaction vessel together with the aromatic com- 
pound-containing starting material and the raw material for forming the supercritical fluid or the subcritical fluid. And 
in the reaction vessel, when the raw material is converted inlo the supercritical fluid or the subcritical fluid while being 
contacted with the starting material, the transition metal or the transition metal compound is present in contact with the 
starting material and the supercritical fluid or the subcritical fluid, where the transition metal or the transition metal 
compound functions as a starting point to initiate fonnation of nanocariaon materials from the stating material in contact 
with the supercritical fluid or the subcritical fluid and the nanocarbon materials thus started fomrilng are gradually grown. 
In this case, it is considered that the transition metal or the transition metal compound behaves like a catalyst. 
[0059] The transition metal or the transition metal compound is not always necessary to be extemally added. The 
transition metal or the transition metal compound may be one originally contained in the starting material or one resulted 
when the starting material is contacted with the supercritical fluid or the subcritical fluid. 

[0060] As preferable specific examples of the transition metal compound, there can be illustrated transition metal 
sulfides, transition metal cart3ides. organo transition metal compounds, transition metal nitrides, transition metal oxides, 
and salts of transition metal (hereinafter refen^ed to as transition metal salts). 
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flilfl- °' ^' are more preferable for the following real^For Instance when a aiven 

oxide nT ' T 'V? ^^^"^^^ °^ « -etal or a Mon metal 

ox.de in the reaction to afford nanocabon materials in the method of the present invention It Is poSle that safd 

Sn-srsi^^ 

^Tf' ^.f P'^'f ^"'^ ^P®^''"' examples of aforesaid transition metal sulfide, there can illustrated nickel sulfide Iron 
sume, cobalt sulfide, copper sulfide, titanium sulfide, tungsten sutfide, and molybdenum su'Se ' " 

!oJf!l P;®f«^«t.'«.spef ic examples of aforesaid organo transition metal compound, there can be illustrated fer- 
roDrri?"^'""' "'^'<.«'J°™«t«- ""^Xe' oxalate, nickel naphthenate, nickel phthalocyanine. co^h haS^^^^ 
copper phthalocyar^ne. nickel acetylacetonato, cobalt acetylacetonato, iron acetylacetonato, copper SySonSo 

^Lt! T?"^ '.' bfe(triphenylphosphine)dicarbonylnickel. d brorJowShenr^^^ 
phine)nickel, and chlorotris(triphenylphosphine)rhodium aioromoDistinpnenyipnos- 

cSt Inl^mT^^TT^' ^""^P"""*^ ^"^'^"^ "^^^ the transition metal element-containing 

catalyst in the method of the present invention, particles (fine particles) thereof are used as previously described In 

Zl^Z °' '"'^^"""'^^ (^''^^^^'^ ''^^ Observation by thVe^c^on Sscoper^W^^ 

constitute nanocarbon materials produced according to the method of the present InventlonXendL onTe tlrra^ 

r^ll t '7'^®'.'° " nanocarbon materials whose diameters are small and which are substantially uniform with 
respect to the.r sizes, rt is preferred to adopt a manner in that the catalyst particles are used by dIspeSnq them 7n a 

agLTet^TdT^^^^^^^^ ^ ^ <^^«^'e P-er,ting thL fro'mt^ing 

[0067] In the present invention, in order to more promote the synthesis of nanocarbon materials it is oossible th«t 
sul ur or/and a sulfur compound are made to exist together with the transition metal or the^ansiwLn metal com^^^^^^ 
cLtt T';K?r*'' ^'«'"«"t-«>"t-"-9 <=atalyst in the system where the aromat« compoTnd'contltg ml^^^^^ 
cln. ? H ^^P-^-rif'^a' fl"id or the subcritical fluid. In this case, the presence of said suSur orLd ^aS ur 

rao^« TH^'^'T""" *° nanoca*on materials to be growT 

oS. Of" :s:;hrs7aruLU"^^^^^^^^ "^'^-^^^^^^ «'^'-m.cart,azido. th.urea. and thi- 

.'^ P'®'^'^'"^ «P««='fic examples of the thiol, there can be illustrated 1 -octanethiol(n-octylmercaDtan> 1 de 

h? Vh . P'®^®"' invention is preferred to include a heat-treating step (b) In the heat-treatina sten 

^^l^K 1'^. P'!'^''®^ '''at the reaction product prior to subjecting to the heat treatment or the heat-treated reaction 
t'^f^r"""''"''''''""'""^^^^ 

10073] From a viewpoint of efficiently removing aforesaid impurities and also from a viewpoint of improving the puritv 
of the nanocarbon materials, the heat treatment of the reaction product in the heat-treatinq s^eoTIT D?efaT^^^^^ 

«mT„ n! f ' ^ P^'^""^ ^ atmosphere composed of inert gas. The inert gas can Indude 

thrafa mlXT ^'^'^ '^'^ '''' ^""^^ ^'"^'V - combination of^r^r^oTof 

uTpL'rr^ti' t^^^^ f *° ^"'■"'y ""P^°^^ P-'^ °' "anocarbon materials. 

IS preferred that the heat treatment of the reaction product is repeated several times by changing the heat-treating 
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temperature, for Instance, in such a manner that the reaction product is subjected to a first heat treatment at a tem- 
perature in a low temperature side region of the above-described temperature region, followed by subjecting to a 
second heat treatment at a temperature In a middle to high temperature side region of the above-described temperature 
region. To be more specific, in order to desirably develop the graphene sheet structures of the nanocarbon materials 
while surely removing the impurities to Improve the purity of the nanocarbon materials, it Is preferred that the reaction 
product is subjected to a first heat treatment at a relatively low temperature in a range of from 400 to 800 **C, followed 
by subjecting to a second heat treatment at a high temperature in a range of from 900 to 2800 **C end it is more preferred 
that the reaction product is subjected to a first heat treatment at a relatively low temperature in a range of from 400 to 
800 °C, followed by subjecting to a second heat treatment at a high temperature in a range of from 1 000 to 2400 **C. 
[0075] Separately, the heat treatment of the reaction product at a temperature in a region of from 2400 to 2800 "^C 
is liable to develop the graphite structures(comprising a plurality of graphene sheets stacked) of the nanocarbon ma- 
terials contained therein. 

[0076] In the case where the heat treatment of the reaction product is repeated several times in this way, In order to 
improve the effect of the heat treatment for the reaction product, it is possible to adopt a manner in that the heat-treated 
reaction product obtained, for instance, in the first heat treatment is pulverized prior to subjecting to the next heat 
treatment. 

[0077] The nanocarbon materials synthesized according to the method of the present Invention are different with 
respect to their constituent microunlts observed by SEM (scanning electron microscope) depending on the kind of the 
aromatic compound-containing starting material, the kind of the transition metal element-containing catalyst, the kind 
of the raw material for forming the supercritical fluid or the subcritical fluid, the reaction temperature and the reaction 
pressure. 

[0078] According to the method of the present invention, It Is possible to synthesize nanocarbon materials comprising 
aggregates of a plurality of worm-like shaped microunlts; nanocarbon materials comprising aggregates of a plurality 
of filament-like shaped microunlts; nanocarbon materials comprising aggregates of a plurality of coral-like shaped 
microunlts; nanocarbon materials comprising aggregates of a plurality of rod-like shapedmicrounits each comprising 
spherical microparticles aggregated into an unit; and nanocarbon materials comprising aggregates of a plurality of 
tube-like shaped microunlts, wherein the microunlts in each case have an average diameter in a range of from 2 to 
400 nm and an average length in a range of from 100 to 1 0000 nm. 

[0079] Particularly, according to the method of the present, nanocarbon materials comprising aggregates of aplurality 
of worm-like shaped microunlts having an average diameter of 10 nm to 50 nm can be readily synthesized at a more 
high purity. 

[0080] To be more specific, from the observation by a transmission electron microscope (TEM) with respect to the 
constituent microunlts, those nanocarbon materials mentioned in the above include (a) nanocarbon materials having 
a microstruture in which a layered structure comprising a plurality of graphene sheets stacked is developed into a 
cylindrical structure having a diameter of 20 nm to 400 nm; (b) nanocarbon materials having a microstructure in which 
a plurality of cup-like shaped graphene sheets are gathered and developed into a stacked structure having a diameter 
of 10 nm to 50 nm; (c) nanocarbon materials having a microstmcture iri whtoh the graphene sheet is rolled up into a 
single-layered cylindrical structure or a multi-layered cylindrical structure, respectively having a diameter of 0.4 nm to 
10 nm; and (d) nanocarbon materials having a microstructure in whteh a graphene sheet is developed into a layered 
state whose end portion is closed, said closed end portion having a length of 0.4 nm to 5 nm. Separately, for the 
foregoing nanocariaon materials whose womn-like shaped microunlts having an average diameter of 10 nm to 50 nm 
and can be readily synthesized according to the method of the present invention, nanocarbon materials having such 
microstmcture as described In the above (a) or (b) can be readily synthesized at a high purity and at a high yield. 
[0081] It is considered that in many cases, the growth of those nanocartson materials mentioned in the above is 
initiated from the starting point based on the transition metal element-containing catalyst. Therefore, the synthesized 
nanocarbon materials contain a transition metal or a transition metal compound resulted from the catalyst at their tip 
portions in may cases. Such transition metal or such transition compound can be removed by dissolving it with an acid 
or the like. 

[0082] The method of the present invention is preferred to a purification step (c) after the heat-treating step (b). 
[0083] In the case where as the transition metal element-containing catalyst, for instance, a magnetic transition metal 
selected from the group consisting of Fe, Ni, and Co or a magnetic transition metal compound selected from the group 
consisting of magnetic transition compounds of these magnetic transition metals Is used, the resulting nanocarbon 
materials-containing product contains nanocarbon materials containing a magnetic body. The product is heat-treated 
in the heat-treating step (b) in the manner as previously described. The purification step (c) comprises subjecting the 
heat-treated product to a purification treatment of collecting only the magnetic body-containing nanocarbon materials 
by means of a magnet such as a penmanent magnet or an electromagnet to obtain a purified nanocarbon materials- 
containing product. To be more specific, said heat-treated product is dispersed in a dispersion medium such as alcohol 
or water while irradiating ultrasonk: wave, and thereafter, the magnetic body-containing nanocarbon materials are 
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[0088] Description will be made with reference to FIG 1 

solvent ior sa d caSvsnlfDmlZ r '''T ""^'""'^ (comprising a solvent tor said starting material and a 
substantia CSrcr^^^^^^^^^ '^^^^ ""1^1^^' ^"'^ '"^'^ '"^^'^"-'^ '"'^ « 

Z 35o'.ct 80V0C S^^^^^^^^^ '^-'-'^ a temperature in a range of 

to 2800 «C p^lSitn'S^ SLstiSloTf ^l'" ' " '""^^•^^"'^ « ''^^^ « temperature of 400 -C 

[0092J Tn st^ 4 The helt?ea?ed^«T^'^ k '° ^««<=tion Product. 

- mean! of'"a majnli o:::^S:t:t:T£:iT:^^^^ ^'^'^ ^ ''''^^ »^ « '>V 

r«clten vessel 702 ~mp~nd<on».n,rg sl.«i„g malenal mixed m ,h. mawll 701 in the 
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[0098] The proportion of an annorphous component contained in the nanocarbon material may be analyzed by means 
of X-ray diffraction analysis or laser Raman spectroscopy. In the case where a nanocarbon material synthesized in the 
present invention contains a carbon nanotube, In the Raman spectrum of said carbon nanotube, there are observed 
a Raman line at a position in the vicinity of 1628 to 1606 cm-'', a Raman line at a position in the vicinity of 1353 cm-^ 
and a Raman line at a position in the vicinity of 2700 cm^V 

[0099] In the case where a nonocarbon material synthesized in the present invention is identified whether or not the 
graphene sheet in the microstructure is developed such that it is rolled up into a single-layered cylindrical structure or 
a multi-layered cylindrical structure, when a sharp X-ray diffraction peak is observed in the X-ray diffraction pattern, it 
means that the graphene sheet is developed as above described and thus the purity of the nanocarbon material is 
high, and when a broad X-ray diffraction peak is observed in the X-ray diffraction pattern, it means that the graphene 
sheet is not developed and the nanocarbon material contains an amorphous carbon component. Further when the 
nanocarbon material contains an amorphous carbon component in a large amount, a strong peak is observed at a 
position in the vicinity of 1353 cm""' in the Raman spectrum. 

[0100] Thus, the purity of the nanocarbon material can be evaluated by way of identification of the form thereof by 
means of SEM. It can be also evaluated by TEM observation, or the half band width of the X-ray diffraction peak. 
Besides, it can be evaluated based on the ratio of a peak intensity in the vicinity of 1353 cm'^ to a peak intensity in the 
vicinity of 1528 to 1 606 cm"^ in the Raman spectrum. 

[0101] Separately, evaluation with respecttotheperformanceof a nanocarbon materials-containing product obtained 
in the present invention when it is used as an anode material for a rechargeable lithium battery may be performed, for 
instance, in the following manner. A cell is prepared by arranging a working electrode comprising said nanocarbon 
materials-containing product and a counter electrode comprising a lithium metal in an electrolyte solution comprising 
a lithium salt as an electrolyte dissolved In a nonaqueous solvent such that said working electrode and said counter 
electrode are opposed to each other Then, lithium Is electrochemically inserted in the working electrode and the lithium 
is electrochemically released from the working electrode, where the electricity quantity consumed upon the insertion 
of the lithium is compared with the electricity consumed upon the release of the lithium. When both the former electricity 
quantity and the latter electricity quantity are large and a difference between the fomner electricity quantity and the 
latter electricity quantity is small so as to be close to zero, it means that the perfomriance of the nanocarbon materials- 
containing product as the anode material for a rechargeable lithium battery is excellent. 

[0102] Evaluation with respect to the performance of a nanocarbon materials-containing product obtained in the 
present invention when it is used as a cathode for a field emission display (FED) may be perfomned. for instance, in 
the following manner. A prescribed electric field Is applied between a cathode comprising said nanocarbon materials- 
containing product and an anode as the counter electrode to said cathode under reduced pressure, where the value 
of an electric current flown per a unit area of the cathode is measured. 

[0103] When the electric current value Is large, it means thatthe nanocarbon materials-containing product is excellent 
in terms of the performance as the negative electrode for the FED. 

[01 04] Evaluation with respect to the hydrogen storage ability of a nanocarbon materials-containing product obtained 
in the present invention to store hydrogen therein may be perfomned, for instance, in the following manner. Said na- 
nocari3on materials-containing product is maintained in a hydrogen gas under low temperature condition to permeate 
hydrogen gas in the nanocartDon materials-containing product and thereafter, the nanocarbon materials-containing 
product is heated to release hydrogen from the product, where the amount of the permeated hydrogen and the amount 
of the released hydrogen are measured. Based on the measured results, the stored hydrogen amount per a unit weight 
of the product is computed. When said amount is large, it means that the nanocarbon materials-containing product Is 
good enough in the hydrogen storage ability. 

[0105] In order to evaluate the perfonmance of a nanocarbon materials-containing product obtained in the present 
invention when it is used in a catalyst-retaining layer of Pt or the like in a fuel cell, the specific surface area and the 
electron conductivity of the nanocartDon materials-containing product are important factors. Therefore, said specific 
surface area and said electron conductivity are measured. Besides, the average parttele size of catalyst particles of 
Pt or the like which are retained in the nanocarbon materials-containing product and the power output characteristics 
of a fuel cell in which a catalyst-retaining layer comprising the nanocarbon materials-containing product having catalyst 
particles of Pt or the like retained therein Is used are evaluated. In this case, it is better that the specific surface area 
is high, the resistivity is small, and the average particle size of the catalyst particles which are retained is small. When 
the resistivity is small, the electron conductivity is increased and the electrode resistance is decreased, and a result, 
the power outputted is increased. 

[0106] By the way a nanocarbon materials-containing product obtained in the present invention (this nanocartDon 
materials-containing product will be hereinafter referred to as "nanocartDon product") is low in terms of the resistivity 
and high in tenns of the specific surface area. In general, a catalyst layer on the surface of an electrode of a fuel cell 
is formed of a carbon black having (a) catalyst particles of Pt or the like (whose particle sizes are relatively large) 
retained thereon. The nanocarbon product has a specifk: surface area which is larger than that of the carbon black. 



11 



BNSOOCID: <EP. 



.1300a64A2J_> 



EP 1 300 364 A2 



10 



15 



20 



25 



30 



35 



40 



45 



SO 



55 



^oTLX'^:ZZV:iXZ:^^^^ TT. °' ^ mater.a.s-con.aining product (herein- 

LUhium Battery- "^nocarbon matenal ) obtained in the present Invention in such applications. Rechargeable 

reference numeral 206 a batteThousJIg ^ 
SoVsJow^Tn R^r°' rechargeable mhium battery shown in FIG. 2 comprises an electrode structural body 

300. Whereby an electrode struS bo<^ aoTfe I^^n^ °" 

ihown in RG T"'"* ''"'^'^ '"^ "^^'^ ^ ^01 in the rechargeable Whium battery 

^^^^^^^^^^ 

S sh<:J Trg ? itlrp'^^^^^ ? "'^ in the rechargeable lithium 

po.ye7hy,ene or polypro:;y;Vn?hrJ;^n ^ « ^on.ed ot 

thereto. ^ eiectrcfyts obtain by gelating said electrolyte solution by adding an organic polymer 
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FED (field emission display): 

[0122] FIG. 4 is a schematic cross-sectional view illustrating the constitution of an example of a FED. 
[0123] In FIG. 4, reference numeral 400 Indicates an insulating plate (a glass plate), reference numeral 401 a back 
electrode (a negative electrode), reference numeral 402 a cathode layer formed using a nanocarbon material in a 
powdery form (obtained in the present invention), reference numeral 403 an insulating spacer (a barrier wall), reference 
numeral 404 a fluorescent substance layer, reference numeral 405 a transparent electrode (an anode), reference 
numeral 406 a surface mask, reference numeral 407 a transparent surface member, and reference numeral 408 an 
inside space. 

[0124] The FED shown in FIG. 4 may be prepared, for instance, in the following manner. A metal electrode pattern 
401 is an-anged on a glass plate 400. On the metal electrode pattern 401 , a paste obtained by mixing aforesaid powdery 
nanocarbon material with a binder to obtain a mixture and adding a solvent to said mixture is coated by means of 
screen-printing or the like, followed by drying and baking to fonn a layer as the cathode layer 402. A transparent 
electrode pattem 405 is fomied on a glass plate 407 and on the transparent electrode pattern 405, there is formed a 
fluorescent substance layer 404 by means of screen-printing or the like. The transparent electrode 405 (the anode) 
and the cathode layer 402 are opposed to each other, and a spacer 403 (a barrier wall) is arranged between the 
transparent electrode 405 and the cathode layer 402. After the inside space 408 of the system is evacuated to a 
prescribed vacuum, the system is closed. In this way, the FED shown in FIG. 4 may be prepared. 
[0125] The l-V characteristics with respect to electron emission from a nanocarbon material obtained in the present 
invention may be evaluated, for instance, in the following manner. 

[0126] FIG. 5 is a schematic cross-sectional view illustrating the constitution of an example of an element used for 
evaluating the electron emission performance of said nanocarbon material. In FIG. 5, reference numeral 500 indicates 
an insulating substrate, reference numeral 501 an electrode pattern, reference numeral 502 a cathode fomned using 
said nanocarbon material, reference numeral 503 an insulating spacer, reference numeral 504 an anode, reference 
numeral 505 a cathode temninal, and reference numeral 506 an anode terminal. 

[0127] The element shown in FIG. 5 is placed in a vacuum chamber provided with a current introduction terminal, 
where the l-V characteristics with respect to electron emission from the nanocarbon material may be evaluated by 
applying a prescribed voltage between the anode 504 and the cathode 502 (comprising the nanocarbon material) and 
measuring the value of an electric cun-ent flown between the cathode 502 and the anode 504. 
[0128] The element shown in FIG. 5 may be prepared, for instance, in the following manner. A mask having a cathode 
pattem with an electrode-drawing portion fomned by way of etching is close-contacted onto a sodium-free glass sub- 
strate 500 (comprising, for instance, a No. 7059 glass plate produced by Corning Company), and thereafter, a 50 nm 
thick Cr film, a 300 nm thick Al film and a 50 nm thick Cr film are sequentially deposited by means of electron beam 
evaporation or the like to form an electrode pattern 501 : Then, the foregoing powdery nanocarbon material is dispersed 
in isopropyl alcohol while irradiating ultrasonic wave, and said electrode pattern and a counter electrode are immersed 
in the dispersion, where a D.C. electric field is applied between the electrode pattern and the counter electrode to 
deposit said nanocarbon material on the electrode pattern 501 to fonn a cathode layer as the cathode 502. Successively, 
an insulating member comprising a mtea and having a thickness of about 20 fim as the insulating spacer 603 is fixed 
on the cathode 502. and thereon, an aluminum plate as the anode 504 Is fixed. Thereafter, a cathode tenmlnal 505 is 
connected to the electrode pattern 501 , and an anode terminal 506 is connected to the aluminum plate as the anode 
504. In this way, the element shown in FIG. 5 may be prepared. 

[01 29] The evaluation of the l-V characteristics with respect to electron emissbn of the nanocartDon material by using 
the element shown in FIG. 5 may be performed in the following manner. The element Is placed in a vacuum chamber 
provided with a current introduction terminal and which Is preferably maintained at a vacuum of less than 10"^ Pa, 
where a prescribed voltage Is applied between the anode 504 and the cathode 502 (comprising the nanocarbon ma- 
terial) and the value of an electric cun-ent flown between the cathode 502 and the anode 504 is measured, wherein 
based on the interrelation between the values of the flown electric current and the values of the voltage applied, the 
l-V characteristics of the nanocarbon material are evaluated. 

Hydrogen Storage Material: 

[0130] The hydrogen-storing pertonnance of a nanocarbon material produced in the present invention may be eval- 
uated by using a measuring apparatus shown in FIG. 6 having a container with a prescribed volume in which said 
nanocarbon material is charged and a vessel in which hydrogen is stored, wherein said container and said vessel are 
connected through a switching valve. In FIG. 6, reference numeral 600 lndk;ates a high pressure hydrogen gas cylinder, 
reference numeral 601 a vessel in which hydrogen is stored, reference numeral 602 a container in which the nanocarbon 
material is charged, reference numeral 603 a temperature controller, reference numeral 604 a vacuum pump, reference 
numeral 605 a pressure gage, reference numeral 606 a vacuum gage, reference numeral 607 a pressure regulation 
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^IG-!^^^^^^ °' referenceXnerals 608. 609. 610, 611 , 612, and 613 a switchin^ve 

[0131] The vacuum gage 601 «s connected to the container 602 through the swltchinq valves 611 siP^nHRi-. th 

rro;„s.°tr :rei^ rsr;sr ^^^^^^ 

« nanocarbon matena pe a unTwZt of th^ nlT^ T''"*^ °' "^y^^^S^" ^^^^^^ '^^^ P^w^^o. 

" be SlloJ CtL'lS::^^^^^^^^^^^ wi.. be .escribed in more detail with reference .o exar.p.es. It should 
restricted by iSe^^ ex^^^s """^ ^"^ ''^^ -'^OP- of the present invention is not 

Example 1 

25 

materials-containing product (this wiS be hTelSer reftln t« . ""^^ °' " P^^^^-y "ano<^arbon 

carbon product (a) produced Sis JLsS ^as cat S '^'^^ ^'^"^ °' 

" S^rea;.;;: pt^ure toti^^^b^rvl^^^^^^^^^ t'^^ ^^i-tment 

X=er-^"3£S 

pressure wi conrcterin t Jca^^^ 'bfcausete o^^"^^^^^^ ""'"^^ °' -^'^t-" 

the temperature of the d Jce L ^a^'J? n^^";.!.?^^^^^^ adjustment is conducted under temperature condition of 

materians extrer^ej fow'^^Sief^e t^^^ ''""''T' °' ^ ^♦^^'"S 

«C ?o/2 hrs^ ' a rCrdTn^^^^^^^^ "^'^ - ^ - 1500 

"heat-treated nanocarbon prZ:'Tb)T •^^*«"«'«-'=onta.n,ng product (this will be hereinafter referred to as 

wa^Tubie'reStlreTl^S^ °' ''-—ted nanocarbon product (b) 

microscope). In addition each of t^wellhSIti!^ ^ m^roscope) and a TEM (transmission electron 

of the (Brunaue fEmmet ri^^^^^ '° measurement with respect to specific surface area by means 

talinity by aLans of X-fay rffra^lo^^^Jst °' ^"'^ ^"'^"'^^'^ '° -"'^ -^P^*^* C'V^" 

fmJ?! L" "If ^^!!^ °''*^'^«»'o"> t^^e'-e were obtained the following findings. 
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bon product (b). The worm-like shaped microunits of each of the nanocarbon product (a) and the heat-treated nano- 
carbon product (b) have an average diameter of 20 to 30 nm and an average length of 200 to 500 nm and they contain 
nickel metal microparticles at their tips. FIG. 1 1 (a) is a schematic view showing one of said worm-like shaped microunits 
which contains a nickel metal micropartlcle at the tip thereof. This was found out from the results obtained in the XMA 
5 (X-ray microanalysis), the TEM observation and the X-ray diffraction analysis. Further in the SEM observation, there 
was obtained a finding that each of the nanocarbon product (a) and the heat-treated nanocarbon product (b) does not 
contain other microunits than the worm-like shaped microunits. From this, it is presumed that each of the nanocarbon 
product (a) and the heat-treated nanocarbon product (b) has a purity of nearly 1 00%. 

[0142] The TEM observation revealed that each of the worm-like shaped microunits of each of the nanocarbon prod- 
10 uct (a) and the heat-treated nanocarbon product (b) would have a microstructure in that a number of cup-like shaped 
components are stacked as shown in FIG. 11(b) into a wonn-like fonn. Further in comparison of the nanocarbon 
product (a) with the heat-treated nanocarbon product (b) with respect to their lattice images, It was found that the latter 
is more clearer than the fomner. For the reason for this, it is considered such that in the heat-treated nanocarbon product 
(b), a graphene sheet structure would be developed due to the heat treatment. FIG. 9 shows a TEM image of the heat- 
is treated nanocarbon product (b) in which a black region corresponds to a nickel metal micropartlcle. 

[0143] From the X-ray diffraction patterns of the nanocarbon product (a) and the heat-treated nanocarbon product 
(b) which were obtained by the X-ray diffraction analysis, it was found that the spacing calculated from the main peak 
is 34 nm In each case. 

[0144] From the measured results of the nanocarbon product (a) and the heal-trealed nanocarbon product (b) with 
20 respect to their specific surface areas by the BET method, it was found that the fomner has a specific surface area of 
260 m2/g and the latter has a specific surface area of 140 rri^/g. 

[01 45] Separately, the heat-treated nanocarbon product (b) was treated with hydrochloric acid then treated with nitric 
acid to elute and remove the nickel contained therein. The heat-treated nanocarbon product (b) thus treated was 
washed with ion-exchanged water and heat-treated at a temperature of 350*C in an air atmosphere, whereby a powdery 

2s Nl-free nanocarbon product [hereinafter referred to as "nanocarbon product (b')] was obtained. 

[0146] The nanocarbon product (b') was subjected to evaluation with respect to the electron emission perfonnance. 
Particularly, an element having the stmcture shown in FIG. 5 was prepared in the previously described manner for the 
preparation of the element shown In FIG. 5 wherein using the nanocart>on product (b'), a nanocarbon material layer 
as the cathode 502 was fomned on the electrode pattern 501 by way of electro-deposition. 

30 [0147] The element thus prepared was placed in a vacuum chamber provided with a current introduction terminal 
and which is maintained at a vacuum of less than 10'^ Pa, where a prescribed electric field was impressed to the 
element to measure l-V characteristics with respect to electron emission. As a result, the nanocarbon product (b*) 
[corresponding to the heat-treated nanocarbon product (b)] was found to have an electron emission perfonnance which 
is greater by about 10 times that of a commercially available carbon multinanotube material (produced by The Honjo 

35 Chemical Corporation). 

[0148] Besides, the nanocarbon product (a) was subjected to evaluation with respect the hydrogen-storing ability 
thereof in accordance with the previously described evaluation manner using the measuring apparatus shown In FIG. 
6. As a result, the nanocarbon product (a) was found to have a hydrogen-storing ability which is substantially the same 
as that of a commercially available cart3on multinanotube. 

40 

Examples 2, 3 and 4 

[0149] The procedures of Example 1 for the preparation of the nanocarbon product (a) were repeated three times, 
except that the reaction pressure in each case was changed to 8.4 MPa, 6.0 MPa: or 4.6 Mpa in the same manner as 
^5 in Example 1, to obtain a powdery nanocarbon product (1) [Example 2], a powdery nanocarbon product (ii)[Example 
3] and a powdery nanocarbon product (iii)[Example 4]. The adjustment of the reaction pressure In each case was 
conducted in the same manner as in Example 1. 

[0150] The yield of each of the nanocarbon product (i), the nanocarbon product (ii) and the nanocarbon product (iii) 
produced in Examples 2 to 4 was cak^ulated. 
so [0151] Then, each of the nanocarbon product (i), the nanocarbon product (ii) and the nanocarbon product (iii) was 
subjected to observation by the SEM. As a result, each of the nanocarbon product (i), the nanocarbon product (11) and 
the nanocarbon product (iii) was found to comprise an enormous number of worm-like shaped microunits which are 
substantially uniform, as well as the nanocarbon product (a) produced In Example 1. 

55 Example 5 

[0152] The procedures of Example 1 for the preparation off the nanocarbon product (a) were repeated, except that 
the reaction pressure was changed to 3,3 MPa, to obtain a powdery nanocart>on product. The adjustment off the reaction 
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miii-ii TK .... '^^^ ^^"^^ "^^""^^ ^« J" Example 1 . 

ianoi^^^^^^^ -«Ve example was calculated. The yield of the 

r0154l ThPn thrnin '"L ^^^"^^Z ^^'^^ nanocarbon product (a) in Example 1 
wa^lnd:^^^^^^^^ 

as the nanocarbon prXt (a^^^^^^^^^ '''''' '"'^^-"''^^ ^^'^^ -^^^antial^ un.orm, as well 
Comparative Exam plf> 1 

Example 6 

powdery oanocaLn product The Srus,ln, .fL J '°" "'^''"'^ '^''^"^ed to 9.4 MPa. to obtain a 
as in Example 1. '^ ^''^^''J"^*'^^"'°''^^^^^'^''°"P^«^«"^«*n this case was conducted In the same rmnn^ 

roisai ThAn th<. „n ^™"P'® '"""^ to be infenor to that of the nanoca*on product (a) in Examole 1 
Comparative Exam ple 2 

no nanocarbon material was syntherze^T^fad l^mLt orm?r« f '"^ '''^"'^ '° "^P^' 

same manner as in Example ^ ^''^ adjustment of the reaction pressure in this case was conducted in the 



Example 7 
[0160] 



oS"l of'eir -i^rf^tii^t^^^^^^^^^^^ "Trr --p' 

pressure was changed to 12 9 MP^to oSa nZ^rl h additional^ added and the reaction 

case was conducted in the Lmrm^Sner 2?n Exampl^^^^ "^^'"'^ '^"^ 

KLn';h\^im;T^^^^^^^^^^^ 

fomier was found to be greater than me Ser "anocarbon product (a) in Example 1 . As a result, the 

'^lZr.IT.:oo:b^^^^^ --P'« was subjected to observation by the SEM. As a 

substantia., unifom,. aLrasTernraZ^;^^^^^^^^^^^ 
Comparative Example 3 

lo\!:LIt's~ed1^^^^^^^ °' the nanocarbon product (a) were repeated, except that 

nanocarbon material was syntesi^eT?ra^^^^^^^ '^'^""^^^ *° ^^"^ "^P^- ^herBln no 

manner as in Example 1 . adjustment of the reaction pressure in this case was conducted in the same 

Example 8 

in the absence of CO,, to obtain a nanocSron prnducf '^^^ '""'^^ '° «^ P« 

[0165] The yield of the nanocarbon product produced in this example was calculated. As a result, the yield of the 
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nanocarbon product in this example was found to be smaller than the yield of the nanocarbon product (a) in Example 1 
[01 66] Then, the nanocarbon product was subjected to observation by the SEM. As a result, the nanocarbon product 
was found to comprise an enomnous number of worm-like shaped microunits which are substantially uniform, as well 
as the nanocarbon product (a) produced in Example 1 . 



Total Evaluation 



[0167] The yields of the nanocarbon products in Examples 1 to 8 and Comparative Examples 1 to 3 are collectively 
shown in Table 1 , The values with respect to the yield shown in Table 1 are respectively a normalized value when the 
value of the yield in Example 1 Is set at 1.00. In Table 1, the reaction conditions adopted In Examples 1 to 8 and 
Comparative Examples 1 to 3 are also collectively shown. 

[01 68] From the results of Examples 1 to 5 and Comparative Examples 1 and 2 in Table 1 , It Is understood that when 

the reaction of the starting material [toluene (the critical temperature: 31 9 **C; the critical pressure: 4. 11 MPa) was used 

as the starting material In each case] is performed at a temperature which is lower than the critical temperature of the 

starting material or at a pressure which Is lower than the critical pressure of the starting material, although a nanocarbon 

product is produced, the amount of the nanocarbon product produced is quite small and the yield is inferior. Further, 

It is understood that under conditions with a temperature which is lower than the subcritical temperature and a pressure 

which is less than the subcritical pressure, substantially no nanocarbon material Is synthesized. 

[0169] In addilion. from the results of Examples 2 and 8 and Comparative Example 3 in Table 1 , it is understood thai 

the presence of carbon dioxide brings about an Increase in the yield of the nanocarbon product. 

[0170] Further in addition, from the results of Examples 1 and 7 in Table 1 , it is understood that the addition of ethanol 

as the solvent also brings about an increase in the yield of the nanocarbon product. 



Table 1 





toluene 


CO2 


ethanol 


temperature 

rc] 


pressure [MPa] 


nomnalized yield 


Example 1 


used 


used 


not used 


450 


12.0 


1.00 


Example 2 


used 


used 


not used 


450 


8.4 


1.00 


Example 3 


used 


used 


not used 


450 


6.0 


0.78 


Example 4 


used 


used 


not used 


460 


4.6 


0.37 


Example 5 


used 


used 


not used 


450 


3.3 


0.09 


Comparative 
Example 1 


used 


used 


not used 


450 


0.7 


0.00 


Example 6 


used 


used 


not used 


350 


9.4 


0.08 


Comparative 
Example 2 


used 


used 


not used 


300 


7.9 


0.00 


Example 7 


used 


used 


used 


450 


12.9 


1.68 


Comparative 
Example 3 


not used 


used 


not used 


450 


12.4 


0.00 


Example 8 


used 


not used 


not used 


450 


8.6 


0.18 



Examples 9 and 10 



Example 9: 



[0171] The procedures of Example 1 for the preparation of the nanocarbon product (a) were repeated, except that 
Instead of the toluene, benzene was Introduced into the reaction vessel, to obtain a nanocarbon product (Ex. 9). 

Example 1 0: 



[0172] The procedures of Example 1 for the preparation of the nanocarbon product (a) were repeated, except that 
instead of the toluene, xylene was Introduced Into the reaction vessel, to obtain a nanocarbon product (Ex. 10). 
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[01 73] Each of the nanocai 



35 



40 



...... o,,.„,„«.^„p.j,„-reri:SoTJS':?rer^^^^^^^^ 

Examples 11. 12 and 1 a 
Example 11 : 

carton produd (Ex. 11). ' '"^ '""""'""'I "» »• ™aafon vessel, to obtain . nanc 

Example 12: 

™.al „,„„a. tn„.„ »as ^oSarr^eril^^r^r S^l^,^^^^ °"' 
Example 13: 

from 0.02 to 0.6 ,m .a. In.^^* ~ hT^T:.' " T"' <"r"' "'^Q a panida siz. in a region of 
[0178] Each of the nanoca*on product (^^^ *° T P^°duct (Ex. 13). 

13) was subjected to observation b;thrsEM -;^Vriureacr^^ ? nanocarbon product(Ex. 

Of worm-like shaped mlcrounits whL arfsl^antirlS^ 11 .^^/k *° ''^^P^'"" ""-""^^ 
Example 1 . substantially uniform, as well as the nanocarbon product (a) produced in 

(Ex. 13). The reason forthis is co3ere?to bl du "o I a^^^^^^^^ nanocarbon product 

[0180] On the other hand, the maximum dtemeter o wor^ nifJ 11 "'T .^^^ P«rt«='«« 'he catalyst are fine. 
1 3) was found to be about 500 nm wMrh .c i!?! worm-like shaped microunits of the nanocarbon product(Ex 

or the nanocarborproducHEj IP^and «,« ^^^7^"^°" ""^^^ '^'^ °* t^ose of the nanocarbon product(Ex 11 ) 
product (Ex. 13) wa^ foundfo biLgerrhan a^^^^^ *t '''''' ""'--""^ °' nanicibon 

nickel metal powder had a relath^rfarqe averaae^ tn '^^""^ ''^ ^^"^^ ^'^^ ""^^^ «he 

carbons having a wom,-like forS^ere qror'?^^^^^^^ *T *at nano- 

revealed that the nanocarbon ^ZZd Z Sd kI^c f " °' ' P^"*^'^' t''^ TEM image 

stacked as shown In FIG. 11(c) and g^wninS rpS art^'"""^ ''"^"^"^ '^^^ « 9-P^«"« ^''eets are 
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Example 14 



Ed of7hr„So™rcS:,^^^ .rdi=r ^^^^ — - 

product. The nanocarbon product was subieSed to obrr!Jr .t 2^.^ ^° « nanocarbon 

1 , there was observed a microst u" tu,^??Sn that anTnZoui T ""f ' '""^ '^"^ ^^^'"P'^ 

gathered as shown in FIG. 12(a) and gTorTnto frod ,Z °' ''"^"''■"'^ ^'^"P^^ nanocarbons are 



Example IS 



Ed Of "e^ro^Xxl^ZSr^ir ^^P-d. except that 

a nanocarbon product. The nanocarbon omd f.t Ic k ?! ^ ! '"troduced into the reaction vessel, to obtain 

product was found to comprrenoTu/n^rer o^^L^^^ ^^"^^ ^ ^'^^ 

as well as the nanocarbon product (arroLedTExal^^^^^^ TT""'^ substantially unifom,, 
example was somewhat .ow^rthan^th^arE;:;;;^^^^^^^ 
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Example 1 6 



[0183] The procedures of Example 1 for the preparation of the nanocarbon product (a) were repeated, except that 
a pitch instead of the toluene, Ion-exchanged water instead of the dryice, and a nickel nitrite instead of the nichelocene 
were introduced Into the reaction vessel and the materials introduced in the reaction vessel were subjected to reaction 
at a temperature of 400 °C under pressure condition of 35.0 MPa, to obtain a nanocariDon product. 
[0184] The nanocariDon product was subjected to observation by the SEM. As a result, there were observed a number 
of nanocarbons comprising a plurality of coral-like shaped microunits having such a fomri as shown in FIG. 12(b). 



[0185] Into the reaction vessel (made of a stainless steel) with an inner volume of 200 ml of the reaction apparatus 
shown in FIG. 7, 24.0 g of a pitch (the softening point: 108 *C). 2.4 g of a nickel sulfide powder, 1 .0 g of a nickel oxide 
powder and 2.4 g of a tungsten cariDide powder were introduced and they were mixed, followed by adding 55.0 g of 
dryice thereto, and the reaction vessel was closed. The materials introduced In the reaction vessel were subjected to 
a first reaction treatment at a temperature of 50 °C under pressure condition of 7.8 MPa for 12 hours, followed by 
subjecting to a second reaction treatment a temperature of 350 under pressure condition of 8.8 MPa for 1 0 hours, 
whereby a nanocarbon materials-containing product (this will be hereinafter referred to as "nanocarbon product") was 
obtained. 

[0186] The resultant nanocart^on product was subjected to a first heat treatment in an argon gas atmosphere at a 
temperature of 400 '^C for 1 0 hours, followed by subjecting to a second heat treatment In an argon gas atmosphere at 
a temperature of 900 **C for 2 hours, whereby a heat-treated nanocarbon product was obtained. The heat-treated 
nanocarbon product was ground by means of a planetary ball mill, followed by subjecting to a heat treatment in an 
argon atmosphere at a temperature of 2300 *C for 2 hours, whereby a carbon powder was obtained. 
[01 87] A sample of the resultant carbon powder was observed by the TEM. As a result, there were identified a portion 
comprising aggregates of a plurality of multitube structures comprising a plurality of tubular components stacked as 
shown in FIG. 1 3(a) and a portion comprising a plurality of graphite structures whose end portions are closed as shown 
in FIG. 13(b). 

[0188] In FIG. 10. there is shown a TEM image of a sample of the cartoon powder 

[0189] From the observation of the TEM image shown in FIG. 10, it was found that the tubular components in the 
multitube stmcture have a diameter in a range of from 3 to 6 nm and the aggregate in which the multitube structures 
are aggregated has a diameter of more than 50 nm and a length of more than about 200 nm. 

[0190] Separately, there was prepared a rechargeable lithium battery having such structure as shown in FIG. 2 in 
accordance with the preparation manner previously described with reference to FIG. 2 and using the above carbon 
powder as the anode material. The rechargeable lithium battery prepared was found to have an anode capacity which 
is greater by 1 .2 times that of a conventional rechargeable lithium battery having an anode comprising a graphite. 
[0191] As above described, according to the present invention, it is possible to effectively produce nanocarbon ma- 
terials from a relatively inexpensive starting material by a simple manner using a relatively inexpensive reaction appa- 
ratus without necessity of using a costly vacuum reaction apparatus. In addition, the method for producing nanocarbon 
materials in the present invention can be practiced in a large-scaled reaction apparatus so as to mass-produce nano- 
carbon materials. 



1. A method for producing nanocarbon materials, characterized in that said method includes a step (a) of contacting 
an aromatic compound-containing starting material with a supercritical fluid or a subcrillcal fluid In the presence 
of a transition metal element-containing catalyst at a temperature in a range of from 350 to 800 *C and at a pressure 
in a range of from 3 to 50 MPa. 



2. The method according to claim 1 , wherein said supercritical fluid or said subcritical fluid is formed from one or 
more kinds of materials selected from the group consisting of an aromatic compound as said starting material, a 
solvent for said aromatic compound, a solvent for said catalyst, water, dinitrogen monoxide, and ammonia. 

3. The method according to claim 2, wherein said solvent for said aromatic compound or said catalyst comprises one 
or more kinds of materials selected from the group consisting of cartoon dioxide, alcohols, water and ethers. 

4. The method according to claim 1 . wherein at least one kind of inert gas selected from the group consisting of argon 
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n gas is added into the reaction system of said st^). 

l^TnTofrnriSle'Sflo:^^^^^^^^^ compound^ot^taining starting material comprises at .east 

styrene. blphenyi. ietySfet^S '^^^^^^^ ethylbenzene, butylbenzene. toluene, xylene. 

cene.nap.t.a.eneUy.na;Sr:2^^^^^^^^^^ 

transition metal compounasSdrmtSrSoIrr^^ 

oTarnsrnreLrcoCunre^S^^^^^ ^'"^ °' ^ --P-nci is at leas, one 

ca..es.o^not.nsi«onm:j^^^^^^^^^ 

carbides, organo transition met'SC^dsTn 

salts, respectively comprisinq at least ohp «f ! t . ' '"ela' oxides, and transition metal 

Nl. Co. Fe. Cu. Cr. W. Zo tI rJ. Rh p" and aL " ''""^'^""^ of 

^'n^rtrroStLrsuTdJs:^^^^^^ 

copper sulfide, titenium suifWe^ LnitefsS a^d m^^^^^^ .^L""'" ^^^^ ^""'d^. 

carbideselectedfromthegroupcoLlg^^^^^^^ 

:"rn°o;\r:r^^^^^ 

formate, nickel oxalate, nickel naphth3rnSLTnh,h 1?. 9'°"P/^°"S'sl'"9 of fen-ocene, nickelocene. ntekei 
nickel acetylacetonato cobalt aSacetna^^^^^^^^^^^^^ 

bait catbonyl, iron carbonyl bisftriDhenvlDho!nhr„lw^K ? ' acetylacetonato. nickel carbonyl, co- 
chlorotris(triphenylphosSe?h2rm '^^ 

moXtrent:::Sirg ^Sylr''"^'" ^ - -xist toge.t,er wi.b said transition 

Iftrrto'S"? '° "^^'--""^ -ducted at a temperature in a range 

l^rarg rSur ^'"^ ^^'^ ^^^"^^^""^ -P-««^ -e,., times by changing the 

-ge^romTorro^C^^^^ ~ ^ ''-^ t-tment at a temperature in a 

in a range of from 900 to 2800 " c ^ '^'^ '° ^ "^"'^ ''^^^ « temperature 
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1 8. The method according to claim 1 4, wherein said heat-treating step (b) Is conducted in a gas atmosphere composed 
of one or more gases selected from the group consisting of argon gas, helium gas and nitrogen gas. 

19. The method according to claim 1 . wherein each of said nanocarbon materials produced comprises a plurality of 
5 microunits at least having a fomn selected from a worm-like form, a filament form, a rod-like form comprising spher- 
ical microparticles aggregated into an unit, a coral-like form, and a tube-like form, respectively observed from an 
electron microscope image thereof. 

20. The method according to claim 19, wherein said plurality of microunits have an average diameter in a range of 
10 from 2 to 400 nm. 

21 . The method according to claim 1 , wherein each of said nanocarbon materials produced comprises an aggregate 



comprising a plurality of tube-like shaped nanocarbons having an average diameter in a range of from 0.4 to 400 
nm which are aggregated, observed from a TEM image thereof. 



22. The method according to claim 1 9, wherein said plurality of microunits have an average length in a range of from 
100 to 10000 nm. 

23. The method according to claim 1, wherein each of said nanocarbon materials produced has a transition metal 
element therein or at a tip portion thereof. 

24. The method according to claim 1 . wherein each of said nanocarbon materials produced has a transition metal, a 
transition metal oxide, a transition metal carbide or a transition metal sulfide therein or at tip portion thereof. 

25. The method according to claim 1 , wherein said method includes a purification step of purifying a reaction product 
obtained in said step (a) by virtue of a magnetic force by means of a permanent magnet or an electromagnet. 
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F 1 a 1 



STARTING MATERIAL. CATALYST, REACTION 
PROMOTION MEDIUM AND THE UKE ARE 
INTRODUCED INTO A REACTION VCSSEL 



'Step 1 



THE MATERIALS INTRODUCED IN THE 
REACTION VESSEL ARE HEATED WHILE 
BDNG COMPRESSED 



I 



THE REACTION PRODUCT OBTAINED IN 
Step 2 IS HEAT-TREATED 



'Step 2 



step 3 



HEAT-TREATED REACTION PRODUCT I o* a 
OBTAINED IN Step 3 IS PURIFIED j ^Step 4 
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F I G. 11(c) 
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